16), 35% (-3, 61) and 37% (13, 79) for the 25-, 50-and 100-mg doses, respectively (p = 0.0004). No differences between the two participant groups were found. There were no effects of sildenafil on DI-induced BP or BD. Conclusion: We infer from these results that the mechanism responsible for the defective ability of DIs to protect the airways from bronchoconstriction is unlikely to be due to dysregulation of cGMP. Of importance, a potential role for PDE V inhibition as a bronchoprotector treatment needs to be explored.
Airway stretch has been demonstrated as a necessary step to activate the beneficial properties of DI [5, 6] . Airway distension depends on the forces generated during DI-induced inflation of the lungs. One factor that influences the magnitude of these forces is the change in lung volume with a DI from functional residual capacity to total lung capacity. Recent work from our laboratory suggests that there is a minimum required stretch of the airway walls that allows the airway to remain dilated even after the stretch is removed [7] . This concept is also supported by ex vivo experimentation and by in vivo animal data [8] [9] [10] [11] [12] .
Intact ability to stretch the airways in asthma is not adequate for the beneficial effects of DI to fully manifest. People with mild asthma often have complete loss of BP by DI [13] despite the fact that their ability to distend their airways with a DI is not different from healthy controls [14] . Downstream neural or biochemical processes may, therefore, be mediating the effectiveness of DI.
Stretch of smooth muscle organs such as the bladder and the esophagus leads to changes in wall tension through nitric oxide (NO)-mediated pathways [15, 16] . Previous work from our laboratory showed that airway dilation resulting from lung inflation to relatively high pressure in a canine model was inversed to airway constriction when N G -nitro-L -arginine methyl ester, a NO synthase (NOS) blocker, was administered [10] . Physiological amounts of NO derived from constitutive NOS (cNOS) modulate underlying pulmonary function and are associated with baseline pulmonary function and decreased airways responsiveness [17] . Recent animal studies suggest an important role for the cNOS isoforms in controlling airways hyperresponsiveness (AHR) [18] [19] [20] [21] . NO deriving from constitutive neuronal NOS (type I) plays a major role in the mediation of nonadrenergic, noncholinergic BD in humans [22] [23] [24] . NO increases soluble guanylyl cyclase (sGC) which in turn increases cGMP leading to smooth muscle relaxation. Phosphodiesterase (PDE) V degrades cGMP [25] . Thus, inhibitors of PDE V, such as sildenafil, lead to elevated levels of cGMP, and cause smooth muscle relaxation [26, 27] . In a lung-slice model, NO-induced relaxation of the airways was enhanced by selective inhibitors of cGMP-specific PDE V [28] .
The study described herein was designed with the primary objective to test the hypothesis that the PDE V inhibitor, sildenafil, improves the DI-induced BP responses in individuals with AHR. The choice of primary outcome was based on our previous work showing a stronger relationship between BP (over BD) and AHR [4] . Secondary objectives included testing the hypotheses that sildenafil would also increase the BP effect of DI in healthy individuals as well as the BD effects of DI in individuals with AHR and healthy subjects.
Materials and Methods

Subjects
A total of 32 individuals were screened for the study and 15 met all inclusion/exclusion criteria. Inclusion criteria for both subject groups (subjects with AHR and the healthy control group) were male sex (females were excluded because sildenafil is only approved for males), age 18-50 years, resting systolic blood pressure ≥ 100 mm Hg and resting heart rate ≥ 55 beats per minute. Exclusion criteria for both groups included use of antihypertensive treatment or any history of cardiovascular disease. Additionally, current smokers and former smokers with >10 pack-years of smoking as well as endurance athletes (running >20 miles/week or equivalent exercise) were excluded, the latter individuals because we have previously shown that they do not bronchoconstrict to inhaled Mch even in the absence of DI [29] .
Subjects with AHR had to have reported upper and/or lower respiratory symptoms in the 12 months prior to the study in the absence of upper respiratory infections, have had at least 2 positive allergy skin prick tests, an FEV 1 ≥ 70% predicted, and a positive conventional, multidose Mch inhalation challenge (PC 20 ≤ 25 mg/ml). All of these subjects had to demonstrate a bronchoprotective effect of DI (bronchoprotective index) less than 40% (see below for methodology and definition). Exclusion criteria for this group included persistent respiratory symptoms suggesting uncontrolled asthma. Subjects on short-acting bronchodilators were asked to withhold these medications for at least 8 h prior to Mch challenge. One subject was on a long-acting bronchodilator inhaler. He was asked to withhold that medication for 48 h prior to Mch challenge.
Healthy subjects had to have no history of respiratory illness or recurrent upper or lower respiratory symptoms, no more than one positive skin prick test, an FEV 1 >80% predicted, and an FEV 1 / FVC ratio no less than 95% predicted. Also, they had to have <10% reduction in FEV 1 after receiving the top dose (25 mg/ml) of Mch in a conventional, multidose challenge. The protocol was approved by the Johns Hopkins University IRB. Informed, written consent was obtained from each subject.
Study Design
Screening This included a general medical examination with focus on respiratory history, physical examination, skin prick testing with a panel of common aeroallergens, and baseline spirometry followed by a conventional Mch challenge. For spirometry, we used Hankinson (NHANES III) predicted values [30] .
Evaluation of the Beneficial Effects of DI The assessment of DI-induced BD was performed using multiple modified single-dose Mch challenges on separate days, as previously described [31] . At every single-dose challenge, after baseline spirometry, study participants were instructed to abstain from taking DIs for 20 min. At the end of this period, a single-dose Mch challenge (starting at 0.025 mg/ml) was delivered with five tidal inspirations from a deVilbiss 646 nebulizer attached to a model 2A Rosenthal-French dosimeter (Laboratory for Applied Immunology Inc., Fairfax, Va., USA). Three minutes later, a single full spirometric maneuver was performed and the degree of airways obstruction was calculated by comparing baseline to postMch FEV 1 . If the Mch-induced reduction in FEV 1 was not greater than 20%, the participant was invited to return on a separate day for another single-dose Mch challenge, using the next highest single-dose of Mch (e.g. 0.075 mg/ml). This process was continued with additional single-dose challenges (0.25, 0.75, 2.5, 7.5 mg/ml) on separate days, until the single dose inducing ≥ 20% reduction in FEV 1 was delivered. At the challenge where 20% or greater reduction in FEV 1 was achieved, the participant was instructed to continue the procedure by taking 4 DIs immediately after the single post-Mch spirometry. Another spirometric maneuver was performed immediately after the 4 DIs to calculate the degree to which the participant was able to reverse the Mch-induced airway obstruction ( fig. 1 a) . By measuring the difference between the post-Mch FEV 1 and the FEV 1 obtained after the 4 DIs, we were able to calculate a measure of BD induced by the DIs, which we termed the BD index. This measure, which has been previously described [1] , is calculated as follows: To simplify the above equation, the BD index is derived from two components, the reduction in FEV 1 from baseline after Mch and after DIs, and the reduction in FEV 1 from baseline after Mch, but before DIs. Also, a BD index of 100% refers to a DI that reversed all bronchoconstriction to the Mch challenge.
On a separate day, the same single Mch dose used to achieve a 20% reduction in FEV 1 was again administered after 20 min of quiet breathing. However, prior to the single-dose Mch, the subject was instructed to take 5 DIs to prevent the Mch-induced obstruction. By measuring the difference between the Mch-induced reduction in FEV 1 on the day no DIs were taken ( fig. 1 a) versus the day 5 DIs were taken prior to the challenge ( fig. 1 b) , we obtained a measure of BP induced by the series of DIs, which we termed the BP index. This measure, which has been previously described [1] , is calculated as follows: On the study visits that involved the administration of sildenafil, following a brief history and physical examination, spirometry was performed and either nothing or a single oral dose of sildenafil was administered. Subjects were asked to remain in the laboratory for 70 min after sildenafil administration. After 70 min, spirometry was repeated. Subsequently, the study participant entered the above-described 20-min quiet breathing (no deep breaths) period after which the assessment of DI-induced BD ( a ) or BP ( b ) was conducted (see text).
In other words, the BP index is derived from two components, the Mch-induced reduction in FEV 1 from baseline on the day 5 DIs preceded the single-dose Mch challenge ( B ) and the Mch-induced reduction in FEV 1 from baseline on the day no DIs were taken prior to the single-dose Mch challenge ( A ). Also, a BP index of 100% refers to a DI that prevented all bronchoconstriction to the Mch challenge.
Sildenafil Dosing Subjects underwent 8 study visits within a period of 1-3 months. After the BP and BD effects of DI were determined, the two study visits described in figure 1 a and b were repeated 4 times on separate days, first with no pretreatment and then with sildenafil pretreatment. On the study visits that involved the administration of sildenafil, following a brief history and physical examination, spirometry was performed and a single oral dose of sildenafil was administered beginning from the lowest dose (25 mg). Subjects were asked to remain in the laboratory for 70 min after sildenafil administration and vital signs were recorded at 35 and 70 min. Caffeinated drinks were prohibited. After 70 min, spirometry was repeated. Subsequently, the study participant entered the above-described 20-min quiet-breathing (no deep breaths) period after which the assessment of DI-induced BD and BP was conducted as described above ( fig. 1 a, b) . For safety reasons and since the effects of sildenafil on lung function or AHR were unknown at the time, we chose to start at the lowest dose and administer the next dose in increasing order on subsequent visits. Consequently, every study participant had 8 study visits ( fig. 1 a, b) receiving no sildenafil on 2 consecutive visits, 25 mg on 2 consecutive visits, 50 mg on 2 consecutive visits and 100 mg on the last 2 visits.
Data Analysis Data analysis was performed using JMP 7.0.1 software (SAS Institute Inc., Cary, N.C., USA). Because of the limited number of subjects, we took a conservative approach and made no assumptions about the distribution of the data and used nonparametric statistics. We used the Wilcoxon and the Kruskal-Wallis tests to compared the baseline pulmonary function measurements between the subjects with AHR and the healthy subjects, the effect of sildenafil on lung function (change in FEV 1 between predosing and 70 min postdosing), the effects of sildenafil on the single-dose Mch-induced decrease in FEV 1 from baseline, and the effects of sildenafil on the BP and BD indices.
To test the effects of dose and the effect of sildenafil on the response to Mch regardless of DI, we performed simple linear regression analyses to evaluate the relationship between the attenuation in the single-dose Mch-induced decrease in FEV 1 and the BP and BD indices separately for the group with AHR and the healthy groups.
To examine the effects of the change in baseline FEV 1 with increasing sildenafil doses, we performed two-way ANOVA, one with the BP index and the other with the BD index as the dependent variable. The independent variables in both models were the percent change in the response to Mch with increasing sildenafil dose as a continuous independent variable, and the sildenafil dose as a categorical independent variable. Significance was accepted at p ≤ 0.05.
An a priori statistical analysis plan also included an interim analysis. The study was terminated early because not only did we not obtain the expected effect size, in fact we did not even see a trend towards increased DI-induced BP or BD in the presence of sildenafil. Given that we did not even see a trend, if we were to use the interim data to calculate power for a subsequent study, the number of subjects sufficient to demonstrate a significant result would be approaching infinite. In other words, it was futile to continue the study.
Results
Seven subjects with AHR and 8 healthy individuals were enrolled in the study. On the basis of inclusion criteria, all subjects with AHR had clinical symptoms compatible with asthma and several were using asthma medications. Their demographic data are shown in table 1 a and b. There were no differences in baseline pulmonary function measurements between the subjects with AHR and the healthy subjects with regards to their FEV 1 (p = 0.76), FVC (p = 0.59) or their FEV 1 /FVC (p = 0.87). The median single-dose Mch concentration identified in the screening phase of the study as the dose required to reduce FEV 1 by 20% when DIs were withheld was 18.05 mg/ml in the healthy group and 0.75 mg/ml in the AHR group. In the screening phase, the median change in FEV 1 after the single-dose Mch challenge when DIs were withheld was -33% (median value; 25th percentile: -44, 75th percentile: -31) and -31% (-44, -25) for the subjects with AHR and the healthy subjects, respectively. In the screening phase of the study, the BP index was 26% (9, 60) and 41% (15, 74) for the subjects with AHR and the healthy subjects, respectively, and the BD index was 28% (11, 34) and 55% (18, 72) for the subjects with AHR and the healthy subjects, respectively.
Sildenafil, at any dose, did not influence lung function (data derived from the spirometry that was obtained 70 min after dosing) in either group of participants (change in FEV 1 between predosing and 70 min postdosing: subjects with AHR, p = 0.99 and healthy group, p = 0.99). However, the drug caused a dose-dependent attenuation in the single-dose Mch-induced decrease in FEV 1 from baseline. Specifically, in subjects with AHR, sildenafil attenuated the Mch-induced decrease in FEV 1 by 9% (3, 64), 45% (-12, 61) and 44% (18, 59 ) for the 25-, 50-and 100-mg doses, respectively, compared to Mch challenge without sildenafil pretreatment (p = 0.03). In the healthy subjects, sildenafil also attenuated the Mch-induced decrease in FEV 1 by 18% (-5, 64), 25% (0, 64) and 37% (10, 57) for the 25-, 50-and 100-mg doses, respectively, compared to Mch challenge without sildenafil pretreatment (p = 0.02). There was no difference in the percent attenuation of the Mch effect between the two participant groups at any dose of sildenafil (for the 25-mg dose, p = 0.91, for the 50-mg, p = 0.95, and for the 100-mg dose, p = 0.63). The percent changes in FEV 1 from baseline by the singledose Mch challenge, at each dose of sildenafil and for each group of participants are presented in figure 2 .
The primary outcome of our study was the effect of sildenafil on the BP index. We found no significant relationships between the increasing doses of sildenafil and the BP index (p = 0.17 and p = 0.35 for the subjects with AHR and healthy groups, respectively; table 2 ). Similarly, we found no relationship between sildenafil dose and the BD index (p = 0.52 and p = 0.98 for the AHR and healthy groups, respectively; table 3 ). It is interesting to note that a numeric trend towards reduction in BP and BD by sildenafil was observed in subjects with AHR, which was practically absent in the healthy group. This resulted in greater differences between the two groups in both the BP and the BD indices: at the 100-mg sildenafil dose, the Median values are presented with 25th and 75th percentiles in parentheses. 248 median BP indices in the AHR and the healthy groups were -27 and 30% (p = 0.52), respectively; for the BD indices, the median values were 13 and 51% (p = 0.08), respectively.
Our data raised the question of whether the apparent attenuation of the Mch-induced bronchoconstriction by sildenafil had an impact on the lack of an effect of sildenafil on the DI-induced BP and BD. To address this question, we examined whether there was any relationship between the attenuation in the single-dose Mch-induced decrease in FEV 1 and the BP and BD indices. In simple regression analyses, in the subjects with AHR, we found a significant negative relationship between the percent change in the single-dose Mch-induced decrease in FEV 1 and the BP (r 2 = 0.57, p < 0.0001) or the BD (r 2 = 0.33, p = 0.002) indices, implying that DI-induced BP and BD were diminished in association with the diminished effects of Mch. These relationships were not significant in the healthy group (for the BP index, p = 0.08; for the BD index, p = 0.13).
Since we found a significant correlation between the BP/BD indices and the change in the single-dose Mchinduced decrease in FEV 1 from baseline in the group with AHR, we examined the effect of the sildenafil dose on BP and BD controlling for the change in the singledose Mch-induced decrease in FEV 1 from baseline. We performed two-way ANOVA, one with the BP index and the other with the BD index as the dependent variable. The independent variables in both models were the percent change in the response to Mch with increasing sildenafil dose as a continuous independent variable, and the sildenafil dose as a categorical independent variable. For the BP index in the group with AHR, the overall model was significant (p = 0.01). Controlling for the dose of sildenafil in the subjects with AHR, we found a significant relationship between the percent change in the single-dose Mch-induced decrease in FEV 1 and the BP index (p = 0.02). However, controlling for the percent change in the FEV 1 response to Mch with sildenafil, the dose of sildenafil was not significantly related to the change in the BP index (p = 0.41). For the BD index, the two-way ANOVA model was not significant in the AHR group (p = 0.72).
Discussion
To our knowledge, this is the first study examining the effects of a PDE V inhibitor on the function of DI; as part of the study, we also tested the effect of PDE V inhibition on airway responsiveness measured by Mch challenge. We conducted this study to address the hypothesis that cGMP may play a role in the beneficial effects of DI. We tried to address this hypothesis in an indirect manner, using a PDE V inhibitor (sildenafil) to reduce the natural degradation of cGMP. The finding that sildenafil caused a dose-dependent protection from the direct bronchoconstrictive effects of Mch regardless of the study participants' condition confounded our ability to test our hypotheses. However, this represents a novel observation that requires attention.
We and others have previously shown that bronchoconstriction by Mch inhalation can be induced to a similar degree in individuals with AHR and in healthy controls in the absence of DI [32] , and that a single-dose of Mch, after 20 min of quiet breathing, can be used to assess the ability of DI to either protect from or reverse the Mch effects [1, 13] . Using this well-established methodology, we achieved an almost identical reduction in FEV 1 (>30%) in individuals with AHR and healthy controls, the required median concentration of the single Mch dose being 18.05 mg/ml in the healthy group and 0.75 mg/ml in the group of study participants with conventionally determined AHR. At the highest dose of sildenafil, we observed an approximately 40% attenuation of the Mch-induced fall in FEV 1 compared to the challenge in which no sildenafil was administered. We did not observe a difference in this attenuation between the subjects with AHR and the healthy groups at any dose of sildenafil ( fig. 2 ) . The protective effect of sildenafil against Mch cannot be explained by an effect on baseline lung function, which remained unaffected by any sildenafil dose. This study was not designed to explore whether sildenafil can improve FEV 1 because participants with AHR, although they had a history of respiratory symptoms compatible with asthma, were asymptomatic and under good control with an average FEV 1 96% predicted.
The effect of sildenafil on the response to Mch was not an expected finding and, therefore, the protocol did not include conventional multidose Mch provocations that would allow the use of common outcomes such as the PC 20 . It is, therefore, impossible to interpret the magnitude of the effect we observed with a PC 20 outcome in mind. This could be the objective of a follow-up study, where sildenafil would be used to reduce Mch responsiveness; in such a study the design should focus on a PC 20 outcome obtained through multiple dose Mch provocations.
There are limited and conflicting published works examining the effects of PDE V inhibition on airway reac-tivity, in animal models. Sousa et al. [33] showed that sildenafil relaxed carbachol-contracted and OVA-sensitized rat airways in a concentration-dependent manner. In guinea pigs, Toward et al. [34] showed that sildenafil treatment did not affect histamine-induced bronchoconstriction. Clayton et al. [35] showed that sildenafil had no effect on the levels of TNF-α, IL-4 and IL-5 in the BAL of OVA-challenged mice. These differences may be due to the different agonist or species used. Our data are consistent with those of Sousa et al. [33] who found protection against a cholinergic stimulus.
For our primary outcome, the BP index, as well as for the secondary outcome, the BD index, we found no effect of sildenafil at any dose ( tables 2 , 3 ). Both indices appeared to worsen with sildenafil particularly in the subjects with AHR, although these effects did not reach statistical significance. To examine whether this 'worsening' of the BP and BD indices with sildenafil was secondary to the drug-induced change in the bronchoconstrictive response to Mch, we constructed multivariate models which included the sildenafil dose and the percent change in the Mch-induced effects on FEV 1 . After controlling for the change in the Mch response, sildenafil had no significant effect on the BP and BD indices. This analysis needs to be interpreted with caution because our small sample size substantially reduces the statistical power to detect independent effects of sildenafil on DI-induced BP or BD. We infer from these results that while sildenafil attenuated the Mch-induced bronchoconstriction when DIs were withheld, it did not change the ability of DIs to either protect from or to reverse Mch-induced bronchoconstriction. Notably, we have previously found that the BP and BD effects of DI become more evident when the Mchinduced bronchoconstriction in the absence of DI is of substantial magnitude [31] . The dependence of the effects of DI on the magnitude of bronchoconstriction cannot only explain the trends for worsening of the BP and BD effects by sildenafil in this study, but may have also masked any evidence of improvement in BP and BD. In the absence of any trend, however, the latter possibility is remote.
Sildenafil's inability to improve the beneficial effects of DI in individuals with AHR raises serious doubts as to whether cGMP dysregulation plays a role in the dysfunction of DI in AHR and asthma. These doubts are further strengthened by the fact that, in the absence of DIs, sildenafil did induce BP against Mch, but this effect was of equal magnitude in individuals with AHR and the healthy controls. If the ineffectiveness of DI in AHR and asthma was due to reduced production or rapid degradation of cGMP, one would have expected sildenafil to at least partially restore the DI effects. On the other hand, if the problem lay in airway smooth muscle's resistance to the relaxation effects of cGMP, sildenafil would not have been as effective in protecting the airways from Mch in the study participants with AHR compared to the healthy controls.
Even if our results are not supportive of the role of cGMP in the beneficial effects of DI, we cannot eliminate the possibility that endogenous NO plays a role in these effects. Perez-Zoghbi et al. [28] studied the effects of NO donors on agonist-induced airway contraction and Ca 2+ signaling of airway smooth muscle cells (SMC) in lung slices. They found that NO-induced SMC relaxation was mediated by two main mechanisms: (1) a cGMP-dependent mechanism in which NO binds to and activates soluble guanylate cyclase to generate cGMP, or (2) a cGMPindependent mechanism in which a functional alteration of protein (i.e. activation) occurs via nitrosylation of thiol groups [28, 36, 37] . By administering sildenafil we assume to have bypassed the NO induction of cGMP, although we did not obtain any measurements of cGMP to relate changes of this mediator to the inhibitory effects of sildenafil on the Mch-induced bronchoconstriction. We cannot rule out a cGMP-independent NO mechanism.
One limitation of the study was the sample size. The number of subjects in each group was small (n = 7 and n = 8 for the subjects with AHR and the healthy group, respectively). This raises the possibility that the study was insufficiently powered to detect a difference in BP or BD if there was a real difference. However, our a priori statistical analysis plan also included an interim analysis. The study was terminated early because not only did we not obtain the expected effect size, but we also did not even see a trend towards increased DI-induced BP in the presence of sildenafil, as depicted in table 2 ; and the same observation was made for DI-induced BD ( table 3 ). Given that we did not even see a trend, if we were to use the interim data to calculate power for a subsequent study, the number of subjects sufficient to demonstrate a significant result would be approaching infinite. In other words, it was futile to continue the study.
In summary, sildenafil significantly reduced the response to a single dose of Mch in individuals with AHR as well as in healthy participants to a similar extent. However, it did not improve the DI-induced BP or BD effects in the subjects with AHR across the range of doses tested. We infer from these results that the mechanism responsible for the diminution or loss of the ability of DI to protect the airways from Mch-induced bronchoconstric-
